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ABSTRACT 
The use of induction motors in modern industry become increasingly high. Induction 
motor starting phenomenon has an important impact on the industrial loads and dynamics 
of the power system. Induction motor consumes tremendous amount of reactive power 
during starting, resulting in considerable drop in the terminal voltage. The starting current 
of the motor increases six to seven times of the rated current and starting time extends. 
This voltage depression during the starting transient period affects the starting and 
acceleration torque of the motor, as it is a function of the voltage. In this research work, 
starting performance of induction motor is investigated and analyzed comprehensively. 
To minimize the terminal voltage drop of the motor during starting, reactive power 
compensation is required. Static VAR compensator (SVC) and shunt capacitors are used 
as a source of reactive power for both 50 hp and 500 hp motors. By employing SVC and 
shunt capacitors, significant improvement in the terminal voltage is achieved with less 
starting time for different loading conditions. 
The saturation takes place in almost all induction electrical machines and induction 
motors are no exceptions. Transient saturated induction motor (50 hp) model is 
developed to investigate the effect of main flux saturation on the starting performance for 
different loading conditions. 
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: d-and q-axis stator flux linkages, respectively. 
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: d-and q-axis stator voltages, respectively. 
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The rotating magnetic field is a fundamental principle on which induction motors are 
based. Faraday discovered the electromagnetic induction law around 1831 and Maxwell 
formulated the laws of electricity (Maxwell's equations) around 1860. By using these 
basic laws Galileo Ferrari (1885) in Italy and Nicola Tesla (1886) in United States 
initially invented induction machine [1]. 
Both induction machines based their designs on two-phase systems. In Fig. 1 
Ferrari's patent the rotor was made of by using a copper cylinder In Fig. 2 Tesla's patent 
the rotor was made of by using a ferromagnetic cylinder with short-circuited winding In 
1889 Dolivo-Dobrovolsky invented the induction motor with the wound rotor and 
subsequently the cage rotor in a topology very similar to that used today. General Electric 
began installation of three-phase systems in 1893. But with the passage of time the three-
phase system led to its eventual adoption as a nearly universal standard for generation, 
transmission, and distribution [2]. 
Multiphase induction machines, especially with squirrel-cage rotors, are the simplest 
and least expensive electrical machines devised. Small power induction motors, in most 
home appliances, are fed from a local single phase AC power grid. Now after over a 
century from its invention, the induction motor steps into the 21st century which is 
mostly used motor in industry. This is due to the fact that induction machines are rugged, 
simple in construction, easy to maintain and reliable. 
Basically, electric motors are divided into three broad horsepower categories small, 
medium and large. The most common motors are considered to be fractional-horsepower 
motors with ratings from 1/20 to 1 hp and are categorized as small motors. Also included 
in the small category are motors with smaller ratings, which are commonly classified as 
sub-fractional or miniature. Medium size motors are considered to be in the range of 1 hp 
to 100 hp, with large motors occupying the 100 hp to 50,000 hp range. 
In United States and Canada for both AC and DC motors, the Institute for Electrical 
and Electronic Engineers (IEEE) establishes the standards for motor testing and test 
methodologies, while the National Electrical Manufacturers Association (NEMA) 
prepares the standards for motor performance and classifications. Besides the industry 
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Fig. 1. Ferrar's induction motor [1]. Fig. 2. Tesla's induction motor [1]. 
usage, the induction motors are widely used in home appliances (fans, washing machines, 
dryers, refrigerators, freezers, etc.). In industry, induction machines have variety of 
applications, like pumps, compressor and other drives. Induction motors are mostly used 
for variable speed applications in association with PWM converters. Besides being used 
as drives in the industries, the induction machines are extensively used for wind turbines. 
Nearly 85% of wind power generation is being done by induction generators, both 
squirrel-cage and wound rotor type. 
Induction motors draw large reactive power during starting and as a result, initial 
inrush current is high, which is undesirable during starting. Due to high starting current, 
motor terminal voltage drops considerably, causing a drop in the accelerating torque [3], 
[4]. The reduction in the starting torque extends the acceleration time of the motor, which 
might cause a heating problem in the winding [5]. To overcome all these starting issues, 
researchers have been using different starting methods, such as reduced voltage methods 
and full voltage methods [6]. The main objective of using different starters is to reduce 
starting current, to stabilize the terminal voltage, to develop sufficient accelerating torque 
and also to reduce the starting time of the motor [7], [8]. If these starters are not used 
during starting, especially for large starting motors in an isolated power system, voltage 
instability problem may arise [9], [10]. In any power system transient and steady state 
stabilities are very crucial for the power system. Starting transients of induction motors 
have significant importance for the voltage stability [11]-[14]. To fulfill the demand of 
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reactive power required by the induction motor, Shunt capacitors are one of the 
economical ways of providing necessary VARs (volt-ampere reactive) [15]. Solid state 
devices like static VAR compensators (SVC) are another mean of controlling the reactive 
current drawn by the motor during starting [16]. Different starting methods can be used to 
start the large induction motors depending on the different applications [5], [6]. 
1.2 Brief Review of Induction Motors 
The induction motor essentially consists of two parts: 
• Stator 
• Rotor 
The power supply is connected to the stator and the rotor receives power by 
induction caused by the rotating stator flux, hence the motor is called as induction motor. 
The stator consists of a cylindrical laminated and slotted core placed in a frame of rolled 
or cast steel [17]. The frame provides mechanical protection, carries the terminal box and 
the end covers with bearings. The rotor consists of a laminated and slotted core tightly 
pressed on the shaft as shown in the Fig. 3. There are two general types of rotors: 
• The squirrel-cage rotor 
• The wound (or slip-ring) rotor 
Squirrel-Cage - In squirrel-cage motors, the rotor consists of a permeable metal 
containing embedded strips of magnetic material. As the stator magnetic field rotates, the 
field interacts with the magnetic field established by the magnetic poles of the rotor, 
causing the rotor to turn at nearly the speed of the rotating stator magnetic field [1]. 
Wound-Rotor - In wound-rotor designs, the permanent magnets used in the squirrel-cage 
motor are replaced by a rotor having windings. In this motor, when the stator magnetic 
field rotates and the rotor windings are shorted, the stator magnetic field motion induces a 
field into the wound-rotor, once again causing the rotor to turn at nearly the speed of the 
rotating stator magnetic field. However, if the rotor windings are connected externally 
through slip rings on the shaft, the winding current can be controlled to increase or 
decrease the slip speed of the rotor [1]. 
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Fig. 3. A state-of-the-art three-phase induction motor [1]. 
1.3 Induction Motor Starting Issues 
Induction motor loads are becoming increasingly larger in overall modern industrial 
systems. Voltage instability in power system recently gained an increasing importance. 
Voltage instability characterized by progressive fall in the magnitude of the voltage at 
particular nodes and may finally result in complete voltage collapse [10]. The starting of 
large induction motors causes significant drop in the terminal voltage due to high inrush 
current, as motor draws large reactive power from the system. This transient voltage 
depression can substantially reduce the motor torque [18], and extends the starting period 
of the motor. Also, if these voltage dips are severe, may cause deceleration of the other 
motors feeding on the same bus, which increase the demand of reactive power. 
Induction motors typically have very low power factor during starting, and draw 
approximately six to seven times of the rated current [19]. This causes significant voltage 
drop at the terminal of the motor and severely influence the operation of locally 
connected loads in parallel. Recently these starting issues discussed above attracted great 
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attention from the researchers. During starting of induction motors, the key factors which 
influence the starting performance are: 
• draw large reactive power 
• high inrush current 
• high voltage drop 
• low accelerating torque 
Induction motors consume large reactive power during starting. Because of the 
highly inductive nature of the motor circuit at rest, the power factor is quite low and 
consequently draws higher inrush current [8].This undesirable high starting current 
decays slowly during the transient period. The large inrush current causes problems for 
the equipment connected to the electrical system. The terminal voltage drops 
significantly, which further reduces the accelerating torque and thus increases the 
acceleration time of the motor. The motor needs sufficient starting and accelerating 
torque to gain the operating speed, with less acceleration time without any overheating 
[20]. Induction motor starting torque is a function of the voltage, as it reduces by the 
square of the voltage during starting period. 
Induction motor must generate a torque greater than the torque required to accelerate 
the load. The motor needs the time to accelerate the required load is a function of load 
inertia and it depends on the margin between the torque of the motor and the load curve, 
as shown in the Fig. 4 [6]. During starting of the motor, high inertia loads may prolong 
the starting time due to terminal voltage drop and also heating in the motor due to high 
currents drawn [21]. Starting torque requirements of some loads may not permit the use 
of motors with low inrush current in order to reduce the voltage dip caused by the starting 
of the motor [22]. 
To reduce the reactive current drawn by the motor during starting, injection of 
VARs (volt-ampere reactive) is absolutely important to stabilize the terminal voltage of 
the motor and this phenomenon is called the reactive power compensation [23]. Series 
and shunt VAR compensation can be used to modify the electrical behavior of AC power 
system. 
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Fig. 4. Typical speed torque, current curves with load curve [6]. 
Series compensation can be used to modify the transmission or distribution 
parameter of the system [24]. Shunt compensation may be applied to change the 
equivalent impedance of the load. The main objectives of both methods is to manage the 
reactive power to improve the performance of AC system. In load compensation, the 
main goals are to increase the value of the system power factor, to balance the real power 
drawn from A.C supply and voltage regulation [25]. 
In the past, different methodology has been used to solve this voltage dip problem 
during starting of induction motors [26]. While starting, the motor draws inrush current 
which is directly proportional to the terminal voltage. Therefore the current limiting 
starting methods also called reduced voltage methods can be applied to reduce the 
voltage dip. In all reduced voltage starting methods, as explained earlier, the torque 
available for accelerating the load is the most critical consideration, especially when high 
inertial loads are involved. So by taking this important factor into account, full voltage or 
'direct starting' method is the most economical and frequently used method these days in 
an industry. As discussed before, to limit the high inrush currents, and to minimize the 
voltage dip, reactive power compensation can be done [5], [6]. 
Shunt capacitors are one of the economical ways of supplying reactive power to the 
system to boost the terminal voltage of induction motor [27], [28]. By using this method 
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the high inductive component of the starting reactive current can be reduced considerably 
by addition of capacitor bank to the motor bus [14], [15], [19]. The significant advantage 
of this approach is, it does not reduce the starting torque during the starting period. The 
starting transient characteristics of induction motor while using the different starting 
methods can be observed [5]. It has been noticed that the inrush currents during the 
stating period influence the induction motor starting performance during the transient's 
period. A fast and recursive solution for induction motor transients has been discussed in 
[13]. 
Static VAR compensators (SVC), solid-state switching devices provide continuous 
reactive power support and maintain stable utility and plant voltages [15], [29]. SVC 
improves the starting performance of induction motor, by controlling the flow of reactive 
power during the starting transient period [30], [31]. SVC is a best solution for the 
voltage flicker or transient voltage drop occurs at the pumping stations, during starting of 
large induction motors [15]. Moreover, SVC helps to prevent the voltage instability 
which may results from the presence of large induction motors under some system 
conditions. These voltage instabilities may further lead to the uncontrolled transient 
voltage collapse [3 2]-[3 6]. 
The induction motor starting performance with constant parameters has traditionally 
been used in the past. The effects of magnetic saturation in induction motors cannot be 
avoided as the saturation takes place in almost all the electrical machines. So for the 
determination of accurate starting behavior of an induction motor, inclusion of saturation 
effects is important [37]-[47]. The magnetic saturation effect is significant during the 
starting transient and steady state period of induction motor. The impact of saturation on 
'direct start' of induction motor is very vital while considering the torque oscillations 
during transient state [48]. 
1.4 Objective 
The main objective of this research work is to investigate the starting performance of 
induction motor by employing shunt capacitors and SVC for different loading conditions. 
In this research work it will be comprehensively analyzed the role of reactive power and 
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voltage profile during starting transient and impact of these effects on the motor 
performance and the system stability. 
Moreover, another goal of this work is to investigate the reduction in starting and 
accelerating torque with the drop in the terminal voltage, and its influence on the motor 
acceleration performance during the starting transient period. Induction motors draw 
large reactive power while starting which results in significant drop in the terminal 
voltage that leads to voltage instability. To improve the starting voltage, injection of 
reactive power is performed by using two different methods with shunt capacitors and 
SVC. 
In this research work, main flux saturation has been incorporated in the motor 
modeling in order to investigate further, how the starting behavior of induction motor can 
be affected by saturation. Also, the effect of considering and ignoring main flux 
saturation has been analytical compared while employing SVC and shunt capacitors for 
direct starting of induction motor. 
Also, another attempt has been made to investigate starting performance of 
unsaturated model of larger motor (500 hp). During the transient period voltage and 
reactive power characteristics of 500 hp motor are analyzed and compared with 50 hp 
motor for unsaturated model. 
1.5 Scope 
A d-q model of induction motor with squirrel-cage rotor considering and ignoring 
saturation has been developed to investigate the starting performance. For certain values 
of voltage, load, and frequency, and machine parameters, the starting behavior of 
induction motor has been investigated and analyzed. During the starting period the drop 
in the terminal voltage has been noted for different loading conditions. Starting inrush 
current envelope, starting torque oscillations and motor starting time have been observed. 
Induction motor demands significant amount of reactive power during starting period. 
There are many methods to support VARs requirements. In this research work, shunt 
capacitors of known capacitance values and static VAR compensator (SVC) of known 
susceptance values have been used to supply the necessary reactive power. 
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MATLAB/Simulink program has been used in order to perform the simulations and 
numerical investigations. Simulated results have been used to analyze the starting 
performance. Also, comparative analysis of the starting performance by employing shunt 
capacitors and SVC has been discussed. It has been noticed that injection of reactive 
power by capacitor or SVC improves the starting performance of the motor by stabilizing 
the terminal voltage during transient and steady state. 
The main flux saturation has been included in the model to analyze the starting 
performance. The dynamic performance of induction motor during direct starting, with 
capacitor and SVC has been analytically investigated, while ignoring and considering the 
main flux saturation. 
The starting characteristics of bigger motor (500 hp) have been investigated. The 
behavior of terminal voltage and reactive power consumption has been analyzed and 
compared with a 50 hp motor for different loading conditions. 
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2. Problem Definition 
2.1 Methods of Starting Induction Motors 
Different starting methods can be used to start the induction motor, depending upon 
the applications and requirements. The primary objective of all the starting methods is to 
minimize the voltage drop at the motor terminals and to provide soft start of the driven 
equipment, along with adequate accelerating torque to the load. The selection of the 
method depends on the overall power system constraints, equipment cost and the driven 
load. Each of these methods requires some kind of mechanical switch or contact. These 
methods are divided into two main categories [6]. 
• Reduced voltage starting 
• Full voltage starting 
2.2 Reduced Voltage Starting 
As stated in previous chapter, the induction motor during starting draws six to seven 
times its rated current, when rated voltage is applied to the stator terminals of the motor. 
If the terminal voltage is reduced, the motor starting current will be reduced linearly with 
the voltage [5]. In all reduced voltage methods, the accelerating torque is the most critical 
factor to be considered. The common reduced voltage methods include: 
• Autotransformer starting 
• Wye-Delta starting 
• Part winding starting 
• Solid state voltage controller starting 
2.2.1 Autotransformer Starting 
The standard taps ranging from 50-80% of normal rated voltage are used for 
autotransformer starting of induction motor as shown in the Fig. 5. Practically as the 
motor gains speed these taps are changed to increase the terminal voltage [6]. However, 
there will be transient period due to switching of these taps. The torque transient period 
of the motor is also a function of this current peak, which may cause problem to the 
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3-<J> Supply 
Fig. 5. Auto-transformer motor starting [49]. 
driven equipment [8]. This method is more costly than any other reduced voltage starting 
methods and, also another disadvantage is low starting torque [49]. 
2.2.2 Wye-Delta Starting 
The Wye-Delta starting method is used extensively with wye-start and delta-run 
configuration as shown in the Fig. 6. Initially during the start-up phase, the delta 
connected stator is connected in wye, which reduces the voltage by a factor of 1/V3 and 
results in only 1/V3 of nominal current draw [6]. But also reduces the starting torque 
roughly 2/3. However, the switching from wye to delta can be done at 50-60% of full 






rrrm. 1 Delta ' Wye 
Fig. 6. Wye-Delta motor starting [49]. 
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2.2.3 Part-Winding Starting 
In this method, the stator of the motor is designed with two part windings, in such a 
way that each of windings produces same number of poles and same amount of rotating 
magnetic field. For starting of the motor, full voltage is applied to one circuit of each 
phase as shown in the Fig. 7. 
By using this method a considerable reduction in both starting current (50 to 60%) 
and starting torque (nearly 45%) can be achieved. This method is more suitable for light 
loads or at no load conditions. [6]. 
2.2.4 Solid-State Voltage Controller Starting 
This method of starting is the simplest form of soft starting of induction motor by 
using solid state devices for variable speed drives as shown in Fig. 8. Thyristors or silicon 
controlled rectifiers (SCRs) can be used to control the line voltage during starting of the 
motor [10], [49]. 
3- <j> Supply 
L I Q LJQ L J Q 
Start Y 6 6 i—o 
tJ> ij r4 
Fig. 7. Part-winding motor starting [49]. 
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Fig. 8. Solid-state voltage controller motor starting [49]. 
2.3 Full Voltage Starting 
2.3.1 Direct Starting 
The full voltage starting method or 'direct starting' is the simplest and most 
frequently used method for starting a motor. This method is the most reliable and 
economical way of starting the motor. However, it requires a stable voltage source 
(network) in order to meet the high inrush currents at the starting period. The voltage is 
applied directly to the motor terminals by closing a switch or contactor. The advantage of 
this method is that the motor generates its highest starting torque and can provide shortest 
acceleration time. High starting torque is generally required to start high inertia load with 
less acceleration time. However, this high starting torque put undesirable stress on the 
mechanical system, like gears and chains can be damage [3], [8]. 
The injection of VARs to the system is extremely necessary to stabilize the voltage 
during starting. A weak network needs a significant amount of reactive power support to 
maintain the voltage to minimum permissible level at a certain node. For large induction 
motors in an isolated power system, reactive power compensation can be done by 
different methods depending on the applications, loading conditions and system 
configuration. 
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2.3.2 Direct Starting with Shunt Capacitors 
Direct starting of large induction motor by employing shunt capacitors can be a 
useful means of controlling the voltage dip. Induction motor demands large reactive 
power during starting which results in significant drop at the terminal voltage. Shunt 
capacitors supply the reactive power (VARs) required by the large induction motors to 
relieve the system voltage. The leading current drawn by the shunt capacitors 
compensates the lagging current drawn by the load. Installing shunt capacitors in the load 
area or at the point that they are needed will increase the voltage stability. The system 
benefits due to application of shunt capacitors [27] are; 
• Reactive power support 
• Voltage profile improvement 
• Line and transformer loss reduction 
• Release of power system capacity 
• Saving due to increase energy loss 
The shunt capacitors can reduce the amount of inductive current by providing the 
necessary reactive power support (capacitive current) to maintain the acceptable voltage 
level [49]. The value of the capacitive reactive power is a function of steady state voltage. 
The line current decreases by employing the shunt capacitors, which results in reduction 
oflR and IX. The shunt capacitors are used extensively in distribution system for power 
factor correction. The selection of the shunt capacitor depends on factors like, the amount 
of lagging reactive power drawn by the load and adequate size of the capacitor bank. The 
switching time of capacitor bank at the instant when the motor is starting is very 
important. To effectively reduce the flicker problem, a control and switching system must 
be provided to energize the capacitors at the instant when the motor is started and turned 
off when the motor has reached its rated speed [19]. 
Mechanically-switched shunt capacitor banks have the advantage of much lower 
costs, variety of sizes, flexibility of installation compared to the other methods of 
compensation like static VAR systems [15]. However, shunt capacitors have a number of 
disadvantages and limitations from the voltage stability and control viewpoint. For 
example, unlike SVCs, they do not provide precise and rapid voltage control of the 
system. Also in systems heavily compensated by shunt capacitors, voltage regulation 
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tends to be poor and stable operation is not possible beyond a certain level of 
compensation. The most important shortcoming of shunt capacitor banks is their inability 
to provide fast compensation under voltage contingencies. The reactive power output of 
these banks is proportional to the square of the voltage. Consequently, in conditions 
where the voltage is dropping, the VAR support also drops, thus not serving its primary 
purpose. For transient voltage instability, the capacitor banks are not fast enough to 
prevent induction motor stalling. 
2.3.3 Direct Starting with SVC 
Static VAR compensator (SVC) can also be employed as a source of reactive 
power while starting large induction motors. Direct starting with shunt capacitors can 
effectively provide the required VARs support during starting of induction motors but it 
does not have continuous control on the demand of the reactive power. To overcome this 
problem, SVC can be an effective means of supplying controlled reactive power on cycle 
by cycle basis [9], [10]. SVC of phasor model has been used in this research work by 
using phasor simulation method in MATLAB/Simulink. 
2.3.3.1 Static VAR Compensator (SVC) 
A shunt connected static VAR generator or absorber whose output is adjusted to 
exchange capacitive or inductive current so as to maintain or control specific parameters 
of the electrical power system [29]. 
A Static VAR Compensator is a regulated source of leading or lagging reactive 
power. By varying its reactive power output in response to the demand of an automatic 
voltage regulator, an SVC can maintain virtually constant voltage at the point in the 
network to which it is connected [23]. An SVC is comprised of standard inductive and 
capacitive branches controlled by thyristor valves connected in shunt to the transmission 
network as shown in the Fig .9. Thyristor control gives the SVC the characteristic of a 
variable shunt susceptance. In terms of its steady state performance, an SVC acts much 
like a synchronous condenser. Unlike a synchronous condenser, however an SVC has no 
inertia and contributes nothing to the network short circuit level. Unlike mechanically 
switched compensation, an SVC can operate repeatedly and is not encumbered by the 
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Fig. 9. Single line diagram of SVC and control system block. 
delays associated with mechanical switching. This is the reason SVC respond very 
rapidly to changing network conditions such as line or generator outage contingencies 
[30]. Static VAR Compensators (SVCs) are more effective in preventing transient voltage 
oscillations in areas with concentrated induction motor loads, when compared to shunt 
capacitors. The SVCs performance is critical in cases of low voltage where the shunt 
capacitor's output is lower than their rating. 
2.3.3.2 Basic Configuration of SVC 
Basic configuration of SVC includes the following reactive power control elements: 
• Thyristor-controlled reactor (TCR) 
• Thyristor-switched capacitor (TSC) 
• Thyristor-switched reactor (TSR) 
The most common configuration used for static VAR control system consists of a 
controllable inductive reactor TCR in parallel with a fixed capacitor bank. The second 
type of SVC in which variable capacitor (thyristor switched capacitor TSC) is connected 
in parallel with thyristor controlled reactor [15], [29]. The controllable inductive reactor 
and variable capacitors are monitored by thyristors. 
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For both capacitors and inductors, the appropriate switching time occurs at the zero 
crossing of the current. Capacitors are switched completely in or out of the system as 
needed. However, the current through the inductor can be controlled continuously 
providing a variable susceptance. 
Thyristor-controlled reactor (TCR): 
Thyristor-controlled reactor (TCR) is a shunt connected thyristor-controlled inductor 
whose effective reactance is varied in a continuous manner by partial conduction control 
of the thyristor valve [29]. Current in a thyristor-controlled reactor can be continuously 
varied from zero to maximum by gating or conducting signal to the thyristors. The 
reactor is connected in series with two opposite poled thyristors. One of these thyristors 
conducts in each positive half cycle of the supply frequency, while the other conducts in 
the corresponding negative half cycle [50], [51]. The gating or 'turn on' signal to each 
thyristor is delayed by a, the firing or conduction angle, from the zero crossing of the 
source voltage. As current lags the voltage across the reactor by ninety degrees, so a 
firing angle of ninety degrees results in maximum, that is, continuous reactor current. For 
a firing angle of 180°, the reactor current will be zero. As the thyristor firing angle is 
increased from 90° towards 180° degrees, the current in the reactor is reduced. Therefore, 
the firing angle must be in the range 90° o < a < 180° as shown in the Fig. 10. The effect 
of increasing the gating angle is to reduce the fundamental harmonic component of the 
current. The effect of increasing the inductance of the reactor is equivalent to reducing 
the reactive power and the current. 
Let o be the conduction angle related to a by; 
G = 2(7t-a) (1) 
Fourier analysis of the current waveform gives the fundamental component; 
V <T-sincr 
Where / and V are RMS values and XL is the reactance of the reactor at fundamental 
frequency. As the firing angle a increases, the conduction angle a decreases and the 
fundamental component of current / reduces. The effective susceptance is a function of 

















(c) a =130° 
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Fig. 10. TCR firing angles and current waveform [15]. 
/ a -sin a 
Bid) = — = 
V XX, 
B(a) = 
2(A,-a) + s'm2a 
(3) 
(4) 
The maximum value of susceptance will be at full conduction at a=90° or a=180° 
and the minimum value will be at a=l 80° or a=0° 
Thyristor-switched capacitor (TSC): 
A thyristor-switched capacitor (TSC) is a capacitor connected in series with two 
back to back thyristors. One thyristors conducts in each positive half cycle of the supply 
frequency, while the other conducts in the corresponding negative half cycle. The current 
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flowing through the capacitor may be controlled by blocking the thyristors. The TSC 
configuration can be used for different numbers and different sized capacitor banks. The 
switching of capacitors causes transients which can be large or small depending on the 
resonant frequency of the capacitors with the circuit [52], [53]. 
One disadvantage in utilizing a TSC is the switching transients produced. Since a 
TSC blocks the current when the thyristors are blocked and allows current to flow when 
the thyristors are gated. Severe transients will occur if a TSC is switched off while the 
current through it is not zero. Similarly, to avoid generation of transients during 
switching on, the thyristor must receive its firing pulse at a particular instant of the 
voltage cycle. That is, transient free switching may be obtained when the voltage across a 
capacitor is either at its positive peak or negative peak such that the current through the 
capacitor is zero. Also for some applications, in order to limit the switching transients, a 
small inductor can be used in series with the thyristors [15], [29]. 
2.3.3.3 Control Strategy of SVC 
The primary purpose of SVC control system is to produce firing signals to thyristor 
for phase angle control of the reactor in such a manner that a continuous controllable 
output of reactive power is obtained on a cycle by cycle basis [54]. When the thyristors 
are fully conducting, the reactor consumes more than the reactive power generated in the 
fixed capacitor bank and the net output from the compensator is inductive. When the 
thyristors are blocked, there is no current in the reactor and the output from the 
compensator will be all the reactive power generated in the capacitor bank. A SVC 
control system as shown in Fig. 9 consists of: 
• A measurement and comparison system 
• Automatic voltage regulator (AVR) 
• Distribution unit 
• Pulse generator/Synchronizing unit 
The measurement system measures the positive sequence voltage Vm to be controlled 
and compares with the reference voltage Vref. The difference is the voltage error, which 
determines the voltage response of the SVC. Automatic voltage regulator that uses the 
voltage error (difference between measured voltage Vm and the reference voltage Vrej) to 
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determine the SVC susceptance B needed to keep the system voltage constant. A 
distribution unit which determines the TSCs switching in and out and also computes the 
firing angles of TCRs. The pulse generator sends the appropriate pulses to the thyristors 
and synchronizing unit synchronize the voltage by using the phase locked loop [55]. 
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3. Induction Motor Transient Modeling 
3.1 Introduction 
The magnetic induction creates a current in the secondary or rotor circuit of 
induction motor when primary or stator circuit supplied with a three-phase power [56]. 
This makes induction motor more unique, as compared to the other motors, when they 
require DC supply or other external source for field as in synchronous or DC motors. 
When stator is excited by balanced three-phase supply, a synchronously revolving 
magnetic field in the air gap is produced, which rotates around the air gap at synchronous 
speed Ns, which can be calculated as 





excitation frequency in cycle per seconds (Hz) 
number of pole pairs 
synchronous speed in revolutions per minute (rpm) 
(5) 
The slip of the motor can be written as: 
o N-N, S=^r^ (6) 
Nr: rotational speed of the rotor 
If the speeds are expressed in radians per seconds, the slip is given by 
_, CD,-CO. 
S = — (7) 
where 
cos: synchronous speed in radian per second (rad/sec) 
cor: rotor speed in (rad/sec) 
3.2 d-q Model Representation of Induction Motor 
The conventional steady state models and equivalent circuits are useful for studying 
the performance of induction motor in steady state which shows that electrical transients 
are neglected during load changes and stator frequency variations. We need to evaluate 
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the dynamic model that considers the instantaneous effects of varying voltages, currents, 
stator frequency and torque disturbance. The dynamic model of induction motor is 
derived by using a two-phase motor in direct and quadrature (d-q axes) axes as shown in 
the Fig. 11. The advantage of the d-q axes model is conceptual simplicity and less 
computational time for analyzing the transient and steady state conditions. The voltages, 
currents, and flux linkages transformation is derived in a generalized way. The power 
must be equal in three-phase machine and its equivalent two-phase model. 
Stator 
- - - • d-axis 
Ids. 
Fig. 11. d-q axes representation of induction motor. 
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The idealized three-phase induction motor is assumed to be having symmetrical air 
gap, balanced stator and rotor windings with sinusoidally distributed mmf and including 
main flux saturation. The two common reference frames can be used for the analysis of 
induction motors, stationary, and synchronously rotating reference frame [57]. The 
windings are displaced in space by 90 electrical degrees, and the rotor winding is at an 
angle of 9t from the stator d-axes winding. The differential equations describing the 
induction motor are non linear. 
3.3 Unsaturated Transient Model 
To investigate the starting performance of induction motor during starting, d-q axes 
motor model has been used [22]. The d-q equivalent circuits of squirrel-cage induction 
motor are shown in Fig. 12. The general equations for the d-q representation of an 





Rs+pLs 0 PLm 0 
0 RS+PLS 0 PLm 
pLm o)rLm Rr + pLr o)rLr 







Rs : stator winding resistance in Q.. 
Rr : rotor winding resistance in Q. 
Lm • magnetizing inductance in H. 
Lr: stator leakage inductance in H. 
Ls : rotor leakage inductance in H. 
cor : electrical rotor angular speed in rad/sec. 
p: d/dt, the differential operator. 
Equation (8) can be written in arbitrary rotating reference frame by changing it to 
first order differential equation form, which gives the following matrix equation 
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R. W, qs L.k 
ds 
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(b) 
Fig. 12. Equivalent circuits of induction motor in synchronously rotating reference frame 















































The dynamic equations in which d- and q-axes components of stator and rotor 
voltages can be expressed as a function of flux linkages are given in (10)-(13). The 
equivalent circuit of the induction motor in synchronous reference frame is shown in Fig. 
12. The d-and q-axes components of the stator and rotor voltages can be expressed as a 









Vqr = RJqr + (!"<», Wdr + PVqr 0 3) 
The d-and q-axes components of the stator and rotor currents are related to the d- and 
q-axes components of the stator and rotor fluxes by 
Wds = LJ* + LJdr (14) 
Vqs=LJqs+LJqr (15) 
Vdr^LJ^+Lj^ (16) 
w = L i +L i ( 1 7 ) 
T qr m qs r qr V* ' / 












The electromagnetic torque developed by the motor is given by 
Te=-^Lm(iqJdr-iJqr) (25) 
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The mechanical equation is given as 








electromagnetic torque, Nm. 
mechanical torque in shaft, Nm. 
mechanical shaft speed, rad/sec. 
friction coefficient, Nm/rad/sec. 
inertia coefficient, Kg.m 
3.4 Saturation in Induction Motor 
The performance and operation of induction motors have been under investigation 
since the first invention in 1890. Researchers have well investigated the steady state 
performance of induction motors, but dynamic performance during starting needs more 
research. Direct starting of induction motor has been investigated only by a few 
researchers [44]. The determination of starting performance of induction motor has 
traditionally been based on constant parameters models for both steady state and most 
transient conditions. Magnetic saturation cannot be ignored in all electrical machines, so 
unavoidable in induction motors as well. The saturation effects of both stator and rotor 
core and teeth play significant role while considering the transient performance of the 
induction motor. It has been found that inclusion of saturation in induction motor model 
gives more accurate and realistic results [37] .In this research work main flux saturation 
has been incorporated to analyze the effects of saturation on the starting behavior of 
induction motor. In order to achieve a better representation and understanding of the 
induction motors, saturation should be taken into account. 
3.5 Saturated Transient Model 
A d-and q-axes saturated transient model of induction motor can be developed by 
considering the main flux saturation in unsaturated transient model previously developed 
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in section 3.3. For this unsaturated d-and q-axes magnetizing inductances Lm in (14)-(21) 
are replaced by their corresponding saturated value [42]. The total magnetizing current 
can be used to locate the operating point on the d-and q-axes saturation characteristics. 




*md = hs + idr ' imq ~ iqs + V (28) 
imd: d-axis magnet iz ing current. 
imq '• q-axis magnetizing current. 
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4. Numerical Analysis 
4.1 System Studied and Motor Parameters 
The three-phase induction motor which has been under investigation for the starting 
performance is connected through system network, as shown in the Fig. 13. The three-
phase power is supplied by the source (infinite bus) through transmission line and a step-
down transformer. Two motors (50 hp and 500 hp) will be investigated for their starting 
performance, using the same system network but different parameters. The network 
parameter varies with the requirement of rated terminal voltage and rated current of the 
motor. 
4.1.1 Motor Parameters and Operating Conditions for 50 hp Motor 
To analyze the starting performance of 50 hp induction motor, the proposed d-q 
model has been used. The motor parameters, operating conditions, SVC parameters and 
shunt capacitors parameters are presented in Table 1, 2, and 3 below, respectively: The 
motor starting performance will be investigated for both saturated and unsaturated 
models for different loading conditions. The value of capacitance illustrated in Table. 3 is 
the capacitance of each capacitor of the capacitor bank. The transformer ratio as 
mentioned in Table. 2 is the step-down voltage from the transmission line to supply at the 
terminal of the motor. 
Infinite bus 
Transmissionline Transformer 0 
Fig. 13. Single diagram for the system studied. 
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Table 2. Operating conditions. 























4.1.2 Simulations Procedures Using MATLAB/Simulink 
The proposed model of induction motor and system network has been constructed by 
using MATLAB/Simulink SimPowerSystems tool box. The Power System Blockset has 
been used to build the power system network part and induction motor of the proposed 
model as in represented Fig. 14. The phasor method of simulation will be used for 
performing the simulations of different parameters. 
The power system network part includes the infinite bus, transmission line, and 
transformer. The infinite bus (three-phase source) block provides a balanced three-phase 
RMS phase to phase voltage of 25 KV with internal R-L impedance. The transformer 
used to step-down phase to phase voltage (RMS) from 25 KV to 460 V A three phase V-
I measurement block has been used to measure three phase voltage and current in the 
circuit. Then the three-phase balanced voltage is supplied to the induction motor block 
set. MATLAB/Simulink representation of induction motor subsystem is shown in Fig 15. 
The loading conditions of the motor can be changed by putting the value of the load 
torque in the block. 
The inputs of squirrel cage induction motor are, three-phase balanced voltage, 
fundamental frequency and the load torque. While the outputs are, three-phase currents, 
the electrical torque and the rotor speed. The balanced three-phase voltage supplied to the 
motor is transformed to new d-q axes. The d-q model requires all three-phase variables 
should be transformed into two-phase synchronously rotating reference frame. 
Phasors 
powergm 
A • • — r " — i — • • 
f̂ f-. .-=--
C • • 1 I •-
Infinite Bus Transmission Line 
Fig. 14. MATLAB/Simulink block representation of power system and induction motor. 
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The voltage equations (10) to (13) are solved to calculate the flux linkages. It is 
important to calculate flux linkages first, then easy to calculate all other variables. 
Equations (18) to (21) use flux linkages to solve the stator and rotor d-and q-axes 
currents. The electrical torque calculations can be done from rotor speed, which can be 
calculated from equations from (25) and (26). 
The inputs of squirrel cage induction motor are the three-phase balanced voltage, 
fundamental frequency and the load torque. While the outputs are, three-phase currents, 
the electrical torque and the rotor speed. The balanced three-phase voltage supplied to the 
motor is transformed to new d-q axes. The d-q model requires all three-phase variables 
should be transformed into two-phase synchronously rotating frame. 
The voltage equations (10) to (13) are solved to calculate the flux linkages. It is 
important to calculate flux linkage first, then easy to calculate all other variables. 
Equations (18) to (21) use flux linkages to solve the stator and rotor d-and q-axes 
currents. The electrical torque calculations can be done from rotor speed, which can be 
calculated from equations from (25) and (26). 
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Fig. 15. MATLAB/Simulink representation of induction motor block. 
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4.1.2.1 Simulation Procedure with Shunt Capacitors 
The simulation procedure with shunt capacitor is shown in the Fig. 16. The shunt 
capacitors bank of each capacitor of 0.03939 F is connected via switch (circuit breaker). 
The shunt capacitor bank will be switched on at 4ms.The maximum reactive power 
supplied by the bank is 15 MVARs. As the reactive power supplied is the function of 
steady state voltage of the induction motor. 
4.1.2.2 Simulation Procedure with SVC 
The SVC (phasor Type) block used for the simulation process is connected as 
shown in Fig. 17. The phasor simulation method activated with Powergui block has been 
used to carry out the simulations. The susceptance value used for SVC is 0.0313 pu/Pbase 
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Fig. 17. Simulink model representation with SVC 
4.2 Numerical Simulation Results for 50 hp Motor 
In this section, the starting performance of 50 hp induction motor will be 
investigated for different loading conditions. Numerical calculations will be performed 
for ignoring and considering the main flux saturation. The three cases will be 
investigated, and analytically calculated results will be compared. For each case, terminal 
voltage, reactive power, active power, stator current, rotor speed and electromagnetic 
torque of the motor have been simulated for time t=l sec. The main objective is to 
investigate the voltage profile and reactive power during transient period of the motor. 
• Direct starting 
• Direct starting with shunt capacitors 
• Direct starting with SVC 
4.2.1 Direct Starting at No Load 
In this section, the starting performance of induction motor at no load will be 
investigated for both saturated and unsaturated cases. As previously demonstrated in Fig. 
14, a three-phase balance voltage is supplied to the induction motor terminal. The initial 
conditions for all parameters are zero. Fig. 18(a) shows the simulated result for terminal 
voltage at no load for time t=1.0 sec, while in Fig. 18(b) the zoomed in part of the motor 
terminal voltage during transient period for time t=0.05 sec has been demonstrated. It has 
been noted, that due to high starting current, the voltage drops to 358.8 volts in case of 
saturated and 359.8 volts for unsaturated case at time t=0.008 sec during transient period 
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from the initial 460 volts. The motor reach steady state at time 0.75 sec for voltage value 
of 366.25 volts in case of saturated and 366.9 volts for unsaturated case. The motor can 
be under tremendous stress for these conditions, especially when it is driving high inertia 
loads. This phenomenon further leads to voltage stability problem. 
The reactive power consumed by the motor during starting is illustrated in Fig. 19 
(a). For both statured and unsaturated cases, to understand the consumption of reactive 
power during first few cycles it is shown in Fig. 19(b) by zooming in for time 0 to 0.05 
sec. It has been investigated that, during early transient period from 0 to 0.05 sec, the 
discrepancy between the reactive power calculated by the saturated and unsaturated 
models is considerable. The initial value of reactive power consumed by the motor for 
saturated case is 0.112 MVAR and for unsaturated case is 0.098 MVAR. The same 
proportional discrepancy exists for steady state between saturated and unsaturated cases. 
The large reactive power drawn by the motor can lead to higher starting current which is 
an undesirable phenomenon during starting period. 
The simulated result for active power being consumed by the motor during starting 
at no load condition is shown in Fig. 20. It can be seen that the steady state values 
calculated for both saturated and unsaturated cases are same, but during transient period 
the unsaturated model has slightly higher consumption (bigger oscillations) for some 
time. Initially motor needs more active power during starting to overcome iron and 
copper losses, but the active power consumption by the motor decreases to zero as motor 
gains steady state. The motor gains its rated speed for both cases at t=0.9 sec as shown in 
the Fig. 21. The phase 'a' stator current has been plotted in Fig. 22 to analyze the starting 
current characteristics for both saturated and unsaturated cases. The effect of saturation 
on the stator current has been investigated during starting period for no load condition. 
The initial peak value of starting stator current is 670 amperes for saturated case, while 
615 amperes for unsaturated case. The high discrepancy between the steady state values 
for both cases is due to the saturation in the motor. The electromagnetic torque calculated 
by the unsaturated and saturated models is shown in Fig. 23. It can be seen that there is a 
small discrepancy between the results by the two models. The initial torque oscillations 
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Fig. 18. Terminal voltage calculated by saturated and unsaturated models at no load, (a) Plot for 1 sec 
Plot (zoomed in) for 0.05 sec. 
xlO 
















_1 I I J L_ 
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05 
Time (sec) 
(b) 
Fig. 19. Reactive power calculated by saturated and unsaturated models at no load (a) Plot for lsec. (b) 
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Fig. 22. Phase 'a' stator current calculated by saturated and unsaturated models at no load. 
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Fig. 23. Electro-magnetic torque calculated by saturated and unsaturated models at no load. 
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4.2.2 Direct Starting at Full Load 
The starting performance of induction motor at full rated load will be investigated in 
this section while ignoring and considering saturation. For the same operating condition, 
the balanced three-phase voltage is supplied to the motor terminal at full load. To analyze 
the voltage behavior during transient period, simulated result of starting voltage dip is 
shown in the Fig. 24(a). It has been seen that nearly same voltage behavior during early 
transient period for saturated and unsaturated models for both loading conditions. The 
voltage versus time plot at t=0.008 sec shows in Fig. 24(b), that the maximum voltage dip 
for saturated case is 358.4 volts, and for unsaturated case is 359.4 volts. But the starting 
time has prolonged considerably to more than 1 sec due to the loading condition, which is 
the most concerning issue while starting of induction motor. Longer acceleration time 
means that motor terminal voltage dip remains for longer time, and consequently, the 
starting current will be high for the same period. 
The reactive power consumed by the motor at full load is plotted in Fig. 25. It has 
been calculated that reactive power consumed by unsaturated and saturated models are 
nearly same for both loading conditions as explained in the previous section. The 
maximum reactive power consumed by the induction motor during transient period at 
time t=0.008 sec is calculated as 0.113 MVAR for saturated model and 0.099 MVAR is 
calculated for unsaturated model as illustrated in Fig. 25(b). At full load, the steady state 
values calculated for saturated and unsaturated cases are 0.013 MVARs, and 0.006 
MVARs respectively, which show the discrepancy of 0.007 MVARs between the two 
models. As discussed earlier in section 4.2.1 that steady state value of reactive power 
being consumed by the motor is higher for saturated model because of main flux 
saturation in the motor. 
The active power consumed by the motor during transient period at full load is 
nearly same as previously calculated for no load condition, but for steady state very small 
discrepancy has been seen as shown in the Fig. 26. At full load, the rotor speed calculated 
for saturated model is 1715 (rpm) and for unsaturated model, it is 1708 (rpm) as 
illustrated in Fig. 27. For saturated case, the motor drop less speed because of relatively 
higher current in the stator. Transient and steady state values calculated for phase 'a' 
stator current for both saturated and unsaturated induction motor model is same at no load 
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and full load as represented in Fig. 28. The steady state value has large discrepancy for 
both cases due to saturation effect. The magnetizing current of the motor is equal to stator 
current while taking saturation into account. This high stator current is undesirable 
component for the motor, especially during starting as well as for steady state. The 
electromagnetic torque calculated at full load during the transient period is higher for 
unsaturated motor model as compared to the saturated motor model. The acceleration 
time significantly accounts for starting torque when driving high inertia load. The torque 
versus time plot in Fig. 29 shows that the acceleration time is extended to more than 1 
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Fig. 24. Terminal voltage calculated by saturated and unsaturated models at full load, (a) Plot for lsec 
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Fig. 25. Reactive power calculated by saturated and unsaturated models at full load (a) Plot for lsec 
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Fig. 27. Rotor speed calculated by saturated and unsaturated models at full load. 
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Fig. 29. Electro-magnetic torque calculated by saturated and unsaturated models at full load. 
4.2.3 Direct Starting with Shunt Capacitors at No Load 
In this section, the direct starting of induction motor by employing shunt capacitor 
bank will be investigated for both saturated and unsaturated models. The capacitor bank 
is connected via circuit breaker to support the necessary reactive power during starting, in 
order to minimize voltage dip. The capacitor bank is switched on at time t= 0.004 sec, to 
boost the terminal voltage as demonstrated in the Fig. 30(a). It has been examined that at 
time t=0.004 sec, voltage rise from 362.2 volts to 454.5 volts for both saturated and 
unsaturated motor models due to injection of reactive power by shunt capacitors. 
Maximum voltage dip calculated after switching on the capacitor bank is 445.2 volts and 
448.9 volts for saturated and unsaturated respectively as can be seen in Fig. 30(b). The 
starting time reduced significantly to 0.4 sec 
The motor consumes more reactive power by injection of VARS due to shunt 
capacitors during the starting as represented in Fig. 31(a). At the time of switching of 
capacitor bank at t= 0.004 sec, the consumption of reactive power is high as clearly 
demonstrated in Fig. 31(b). During the transient period at t=0.008 sec, the peak values of 
reactive power being consumed by the motor are, 0.195 MVARs and 0.147 MVARs for 
both saturated and unsaturated motor models respectively. The discrepancy between 
saturated and unsaturated cases is very high both during transient and steady state. The 
steady state value of saturated model is calculated as 0.037MVARs and for unsaturated 
model is 0.007MVARs which clearly indicates that for saturation case, the magnetizing 
current is high due to high stator current and so the steady state value is high. 
The active power simulated result in Fig. 32 shows that at no load, for both the 
models the transient values are same, but during steady state small discrepancy has been 
noted. The motor gains same rated speed for both saturated and unsaturated models in 
t=0.004 sec as illustrated in Fig. 33. The phase 'a' stator current peak is very high during 
early transient state for saturated case, with a calculated value of 922 amperes, while for 
unsaturated model, it is 726 amperes. The same proportional discrepancy exists during 
the steady state as well because of the high magnetizing current. The starting torque for 
saturated model has been calculated low as compared to the unsaturated model. During 
the transient period, the torque oscillations are high for unsaturated case in comparison 
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Fig. 30. Terminal voltage calculated by saturated and unsaturated model with shunt capacitors at no load. 
(a) Plot for lsec. (b) Plot (zoomed in) for 0.05 sec. 
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Fig. 31. Reactive power calculated by saturated and unsaturated models with shunt capacitors at no load (a) 
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Fig. 35. Electro-magnetic torque calculated by saturated and unsaturated models with shunt capacitors at no 
load. 
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4.2.4 Direct Starting with Shunt Capacitors at Full Load 
The direct starting with shunt capacitors at full load will be investigated and 
analyzed for considering and ignoring main flux saturation in the induction motor model. 
As explain in the previous section at no load condition, the injection of VARs by shunt 
capacitors boosts the terminal voltage while starting for both the motor models shown in 
the Fig. 36(a). The voltage envelope for full load is nearly same as for no load, because 
capacitor bank is supplying enough reactive power as demonstrated in Fig. 36(b). At full 
load, the acceleration time extends to 0.55 sec for motor to gain steady state. There is a 
discrepancy of 2 volts between the two models calculated for the steady state voltage. 
The reactive power consumed during starting by the induction motor is same as for 
no load, as illustrated in Fig. 37. The transient period is extended due to loading 
condition, as a result motor draw reactive power for longer period to minimize the 
terminal voltage drop. The active power during the transient period is same, for both 
saturated and unsaturated models but there is small discrepancy between the two models 
in steady state as can be seen in Fig. 38. The motor rated speed for both the models drops 
due to loading conditions. The steady state rotor speed calculated for unsaturated model 
is 1747 (rpm), whereas for saturated model, it further drops to 1735 (rpm) as can be seen 
in Fig. 39. The phase 'a' stator current has same profile during transient and steady state, 
as previously explained for no load conditions except acceleration time of the motor 
being prolonged as represented in Fig. 40. The electromagnetic torque of the motor as 
shown in the Fig. 41 has less starting torque for saturated motor model, as compared to 
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Fig. 36. Terminal voltage calculated by saturated and unsaturated models with shunt capacitors at full load. 
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Fig. 37. Reactive power calculated by saturated and unsaturated models with shunt capacitors at full load 
(a) Plot for lsec. (b) Plot (zoomed in) for 0.05 sec. 
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Fig. 39. Rotor speed calculated by saturated and unsaturated models with shunt capacitors at full load. 
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Fig. 41. Electro-magnetic torque calculated by saturated and unsaturated models with shunt capacitors at 
full load. 
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4.2.5 Direct Starting with SVC at No Load 
In this section, starting performance of induction motor at no load while employing 
SVC will be investigated and analyzed. SVC provides the voltage regulation by 
supplying the necessary reactive power during starting of the motor. Voltage improves 
significantly, during the starting period as well as during steady state as represented in 
Fig. 42. TSC switched on with the time delay of 0.004 sec as can be seen in Fig. 42(b). 
The maximum voltage drop calculated for unsaturated model is 431.7 volts whereas for 
saturated case, it is 429.7 volts. After 0.008 sec, the voltage improvement calculated by 
unsaturated model is smoother and steady as compared to the saturated model during 
transient period. The synchronizing unit of SVC controls the switching of TSC in such a 
way to provide the continuous VARs (capacitive reactive power) to the motor while 
starting period in order to stabilize the voltage. 
The reactive power supplied by the SVC in VAR control mode is the function of 
susceptance B, which can be varied according to the voltage drop as illustrated in the Fig. 
43. TSC switched on at time t=0.004 sec and the amount of reactive power consumed by 
the motor calculated for unsaturated case is 0.141 MVAR and for saturated case, it is 
0.180 MVAR. There is a discrepancy of 0.039 MVAR during the early transient period at 
t=0.008 sec. As explained in previous section, the discrepancy between the saturated and 
unsaturated values during the steady state is high, because stator current is very high for 
saturated case, as a function of magnetizing current. Active power and rotor speed 
calculated for both saturated and unsaturated motor models are nearly same at no load as 
demonstrated in Fig. 44 and 45. There is small discrepancy in the steady state value of 
active power. The phase 'a' stator current value calculated at t=0.008 sec is 856 amperes 
and 700 amperes for both saturated and unsaturated respectively as shown in Fig. 46. The 
starting torque oscillations are high for unsaturated case as compared to the saturated case 
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Fig. 42. Terminal voltage calculated by saturated and unsaturated models with SVC at no load, (a) Plot for 
lsec. (b) Plot (zoomed in) for 0 05 sec. 
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Fig. 43. Reactive power calculated by saturated and unsaturated models with SVC at no load (a) Plot for 
lsec. (b) Plot (zoomed in) for 0.05 sec. 
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Fig. 47. Electro-magnetic torque calculated by saturated and unsaturated models with SVC at no load. 
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4.2.6 Direct Starting with SVC at Full Load 
Direct starting of induction motor at full load by using SVC will be investigated and 
analyzed. As we discussed in the previous section, SVC supports the reactive power 
required by the induction motor during starting, by switching on TSC with the time delay 
of 0.004 sec. The switching on and off of TSC is controlled by the SVC control unit by 
using synchronizing unit. As Fig. 48 shows that voltage envelope after TSC switching is 
nearly same as for both no load and full load conditions. Further we can examine in the 
Fig. 48(b) that the voltage smoothness and steadiness is same, for both loading conditions 
during the transient period. 
The reactive power consumed by the motor at full load is nearly same as for no load 
condition as presented in Fig. 49. Because voltage drop during both transient and steady 
state is same, so the susceptance value is nearly same for the required reactive power by 
the induction motor as can be seen in the Fig. 49 (b). SVC controls the reactive power 
during the starting transient to provide a smooth and steady start for all loading 
conditions. 
Active power at full load while employing SVC is nearly the same during transient 
period for both Saturated and unsaturated cases. But the steady state value has small 
discrepancy of 0.01MW as can be examined in the Fig. 50. The motor rated speed drops 
to 1747 (rpm) and 1735 (rpm) for both saturated and unsaturated models respectively, 
which indicates for saturated case less drop of rotor speed due to high stator current as 
mentioned in the Fig. 51.The stator current envelope is nearly same as calculated for no 
load conditions during transient period as well as steady state as illustrated in the Fig. 52. 
The starting electromagnetic torque calculated for unsaturated motor model is 
considerably high as compared to the saturated one. During the starting transient period, 
it is desirable to have enough starting and acceleration torque for the motor to meet the 
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Fig. 49. Reactive power calculated by saturated and unsaturated models with SVC at full load (a) Plot for 
lsec. (b) Plot (zoomed in) for 0.05 sec. 
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Fig. 50. Active power calculated by saturated and unsaturated models with SVC at full load. 
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Fig. 51. Rotor speed calculated by saturated and unsaturated models with SVC at full load. 
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Fig. 53. Electro-magnetic torque calculated by saturated and unsaturated models with SVC at full load. 
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4.3 Numerical Investigations for 500 hp Motor 
In this section starting performance of 500 hp motor will be investigated and 
analyzed. The mathematical model (unsaturated transient d-q model) and simulation 
methods by using MATLAB/Simulink are same as previously used for 50 hp motor. For 
500 hp motor only, unsaturated model will be used for investigations as there is no 
saturation characteristics are available. In this part of the research work, the main 
objective is to further investigate the behavior of terminal voltage and reactive power 
demand during starting of induction motor. Moreover, it will be also investigated, how 
the shunt capacitors and SVC can play their role while support necessary reactive power 
during early starting transient period. 
4.3.1 Motor Parameters and Operating Conditions for 500 hp Motor 
The motor parameters and operating conditions for 500 hp induction motor are given 
below in the Tables 4 and 5. As mentioned in table 4. The terminal voltage of the motor 
is 2,300 volts, and frequency is 60 Hz. 



























Table 5. Operating conditions 
Base Voltage 1 25 KV 



















4.3.2 Numerical Simulation Results for 500 HP Motor 
In this section starting performance of 500 hp induction motor will be investigated 
and analyzed by using simulated results. As in the previous section we comprehensively 
analyzed the starting performance for 50 hp induction motors for saturated and 
unsaturated models while studying the various parameters. For this large motor, we will 
mostly evaluate the terminal voltage and reactive power for unsaturated model only. The 
motor will be investigated for 'direct starting', 'direct starting with capacitor', and 'direct 
starting with SVC for no load and full load conditions. 
4.3.2.1 Terminal Voltage and Reactive Power at No load 
The behavior of terminal voltage and consumption of reactive power of 500 hp 
induction motor at no load during starting period will be investigated in this section. 
Three-phase balance voltage is applied to the motor terminals, and a considerable voltage 
drop has been seen during starting as illustrated in the Fig. 54. The voltage drops to 
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1466.6 volts at t=0.008 sec from the initial 2300 volts as can be seen from the Fig. 
54(b).The motor gains steady state at t= 2.2 sec for voltage of 1772 volts. The 
acceleration time of the motor is considerably high, which is most concerning issue while 
starting. The motor withstand high starting currents for longer period of time, which can 
damage the motor winding due to excessive heating. In order to reduce the starting time 
of the motor and minimize the terminal voltage drop, this 500 hp motor is started by 
employing shunt capacitors. The voltage profile during starting period with shunt 
capacitors can be can be seen in Fig. 55. The capacitor bank is switched on at t=0.004 sec 
with each capacitor has capacitance value of 0.002 Farad. The maximum voltage drop at 
time of switching capacitor bank is 1586 volts as can be seen in the Fig. 55(b). The 
acceleration time of the motor reduced from 2.2 sec to 1.4 sec with a steady state voltage 
of 2300 volts. SVC can also be a continuous source of reactive power while starting large 
motors as can be examined in Fig. 56. TSC is switched on with a time delay of 0.004 sec, 
when the maximum voltage drop is 1586 volts. We have noticed, a steady and quick 
response of SVC improves the voltage to 2300 volts in time a span of 1.4 sec. 
The reactive power consumed by the motor during starting is represented in Fig. 57. 
It has been noticed that during early transient period, motor consumed more reactive 
power with a maximum value of 0.743 MVAR as illustrated in the Fig. 57(b). This 
maximum reactive power being consumed by the motor is not enough to maintain the 
terminal voltage at 2300 volts. The shunt capacitors and SVC are used to support 
required VARS at the time of starting as shown in the Figs. 58, 59. The maximum 
reactive power consumed by the motor when capacitor bank is switched on at time 
t=0.004 sec, is 1.082 MVAR. This value of reactive power boosts the terminal voltage to 
2300 volts at 1.4 sec as can be examined in Fig. 58(b). The maximum value consumed by 
the motor in case of TSC is switched on at time delay of 0.004 sec is 1.100 MVAR as 
demonstrated in Fig. 59(b). The motor gains its required rated terminal voltage in time 
1.4 sec after the application of SVC. The acceleration time of the motor at no load while 
applying shunt capacitors and SVC is same, but voltage envelope during transient period 
in case of SVC is smoother and steady. 
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Fig. 54. Terminal voltage calculated by unsaturated model at no load, (a) Plot for 2.5 sec. (b) Plot (zoomed 
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Fig. 55. Terminal voltage calculated by unsaturated model with shunt capacitors at no load, (a) Plot for 2.5 
sec. (b) Plot (zoomed in) for 0.1 sec. 
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Fig. 56. Terminal voltage calculated by unsaturated model with SVC at no load, (a) Plot for 2.5 sec. (b) 
Plot (zoomed in) for 0.1 sec. 
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Fig. 57. Reactive power calculated by unsaturated model at no load, (a) Plot for 2.5 sec. (b) Plot (zoomed 
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Fig. 59. Reactive power calculated by unsaturated model with SVC at no load, (a) Plot for 2.5 sec 
(zoomed in) for 0.1 sec. 
4.3.2.2 Terminal Voltage and Reactive Power at Full load 
In this section, behavior of terminal voltage and consumption of reactive power of 
500 hp induction motor at full load during starting period will be investigated and 
analyzed. As in the previous section we investigated that, motor needs some external 
means to boost the terminal voltage during starting transient period. During loading 
condition this 500 hp motor will not start from stand still condition as can be seen in the 
Fig. 60. Because motor itself has huge inertia of its rotor shaft, and with a coupled load it 
become difficult to start from at rest. The motor draws high starting current during 
starting, and consequently voltage drop to 1466.6 volts which is not enough for starting 
as can be seen in Fig. 60(b). The shunt capacitors and SVC are employed to boost the 
terminal voltage during starting as mentioned in the Figs. 61, 62. As explain in the last 
section, primary objective of both external means of supplying reactive power is the 
voltage regulation. Shunt capacitors are switched on at t=0.004 sec, when the maximum 
voltage drop is 1586.6 volts as can be examined in Fig. 61(b). At t=0.008 the voltage 
shoot up to 2062.75 volts, and then at t=3.5 sec at steady state voltage settles at 2300 
volts. In case of SVC, the maximum voltage drop of 1643.9 volts has been seen at the 
time of switching TSC on at t=.004 sec, which boost the voltage to 2013.5 volts at 
t=0.008 sec. The steady state voltage 2300 volts will be achieved at t=3.5 sec. 
The reactive power versus time plot shows in Fig. 63(a) that motor has oscillatory 
behavior while consuming 0.5 MVAR at 0.1 sec after the early transient. The maximum 
reactive power consumed by 500 hp motor at full load at time t=0.008 is 0.743 MVAR, 
which is equal to the value consumed during the no load conditions as plotted in Fig. 
63(b). During loading condition, motor draws excessive starting current which increase 
the demand of reactive power. Shunt capacitors and SVC are used to support the 
necessary VARs during loading conditions as shown in the Fig. 64, 65. For both the 
cases, the acceleration time of the motor reduced considerably to 3.5 sec with loading 
condition. The maximum value of reactive power being consumed by the motor at full 
load for both shunt capacitors and SVC is same as described earlier for no load 
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Fig. 60. Terminal voltage calculated by unsaturated model at full load, (a) Plot for 6 sec. (b) Plot (zoomed 
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Fig. 61. Terminal voltage calculated by unsaturated model with shunt capacitors at full load, (a) Plot for 6 
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Fig. 62. Terminal voltage calculated by unsaturated model with SVC at full load, (a) Plot for 6 sec. (b) Plot 
(zoomed in) for 0.1 sec. 
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Fig. 63. Reactive power calculated by unsaturated model at full load, (a) Plot for 
for 0.1 sec. 6 sec. (b) Plot (zoomed in) 
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Fig 64 Reactive power calculated by unsaturated model with shunt capacitors at full load (a) Plot for 6 
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Fig. 65. Reactive power calculated by unsaturated model with SVC at full load, (a) Plot for 6 sec. (b) Plot 
(zoomed in) for 0.1 sec. 
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4.3.2.3 Comparison of Starting Performance of 50 hp and 500 hp motors 
In this section the starting performance of 50 hp and 500 hp motors will be 
compared. The main focus will be comparing of terminal voltages behavior and 
consumption of reactive power calculated for unsaturated models for both the motors. As 
we have examined in the Fig. 18 the terminal voltage drop at no load for 50 hp motor is 
21% of the rated voltage, with an acceleration time of 0.7 sec, whereas the terminal 
voltage drop for 500 hp motor at no load is 36.23% of the rated voltage as can be seen in 
Fig. 57 with an acceleration time of 2 sec. We have noticed that the terminal voltage drop 
for bigger motor (500 hp) is 15.23% more than the 50 hp motor of their rated voltages. 
For full load conditions, both the motors will have nearly same voltage drop, as for no 
load conditions as mentioned above, but the bigger motor will not accelerate from 
standstill as it needs high starting current. As calculated before, voltage drop while 
starting 500 hp motor at full load is 36.23% which shows that motor needs some external 
source (compensator) in order to boost the terminal voltage and reduce the recovery time 
so that motor can gain the steady state in less time. 
SVC and shunt capacitors supply the necessary VARs to both the motors depending 
on the voltage drop and VARs requirement. SVC and shunt capacitors efficiency for both 
the motors is nearly same. By using of SVC and shunt capacitors, the starting time is 
reduced considerably for both motors. The steady state consumption ratio for bigger 
motor is relatively less as compared to the 50 hp motor because of comparatively low 
stator current. We have noticed from the analysis that SVC and shunt capacitors improve 
the starting performance of both motors (50hp and 500hp) nearly in the same manner. 
During the transient period SVC improve the terminal voltage more smoothly and steady. 
4.3.2.4 Future Work 
In this research work, starting performance of two induction motors is 
comprehensively analyzed for no load and full load conditions. Main flux saturation has 
been incorporated to investigate the starting characteristics of the e50 hp induction motor. 
In future, it will be very useful to investigate starting performance of different size of 
induction motors while including both main and leakage flux saturation. 
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5. Conclusion 
This research work is an effort to study the starting performance of a saturated 
induction motor. Moreover, the starting performance of a relatively larger induction 
motor has also been investigated. Transient induction motor model is developed to 
investigate and analyze the starting characteristics for different loading conditions. Static 
VAR compensator (SVC) and shunt capacitors are employed to improve the starting 
performance by minimizing terminal voltage drop. Large motor (500 hp) motor is used to 
compare the voltage behavior with 50 hp during starting. The effects of main flux 
saturation on the different starting parameters have been studied. The following 
conclusions can be developed from the findings of these investigations: 
• The terminal voltage drop during starting depends on the starting inrush 
current of the motor. 
• The terminal voltage drop for larger motor is much higher as compared to the 
smaller motor. 
• The acceleration time of the motor has significant impact on the motor 
starting performance and load. 
• The acceleration time for large motor is longer as compared to the time 
required for the small motor to gain steady state. 
• The starting and acceleration torque of induction motor is function of 
terminal voltage of the motor. 
• The amount of reactive power motor needs during starting is a function of 
steady state voltage. 
• Shunt capacitors can be an economical source of reactive power in order to 
boost the terminal voltage during starting. 
• The switching time of the capacitor bank is absolutely important in order to 
avoid the switching transients. 
• The voltage regulation of shunt capacitors is poor as compared to SVC. 
• The static VAR compensator (SVC), a solid state switching device can be a 
useful source of supplying controlled reactive power and voltage regulation. 
• SVC can limit the inrush current and improve the voltage more effectively 
during both transient and steady state. 
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• SVC improves the staring performance of 500 hp motor nearly in a same 
manner as for 50 hp motor. 
• To analyze the dynamic behavior of induction motor while starting more 
accurately, the effect of saturation is significant. 
• The stator current of the motor considering saturation is significantly high as 
compared to the unsaturated one. 
• The large discrepancies in the results calculated by ignoring and considering 
the saturation can be attributed to the significant increase in the magnetizing 
current if saturation is considered. 
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